With the reduction of rotor diameter and motor size, the hovering performance measurement becomes a challenge for rotary wing Nano Air Vehicles (NAVs). Conventional test benches for Micro Aerial Vehicles fail to measure some characteristics of Nano Air Vehicles. In this paper, five test benches with highly sensitive mechanisms were successively designed in order to measure the thrust and torque of nano-rotors simultaneously and respond to the change of variables rapidly with sufficient accuracy. A commercial micro brushless motor and a micro rotor were studied experimentally and computationally at a low Reynolds range from 4,000 to 19,000. Computational and experimental comparisons were carried out and the performance of the test benches was discussed. The analysis suggests that the thrust coefficients measured by each test bench vary little from each other, while the power coefficients present significant differences. Then the hovering performance of the micro rotor and power efficiency of the motor were studied. Degradation of motor efficiency and rotor figure of merit are observed with size reduction associated with NAV applications.
factors. Experiments were carried out with the same motor and rotor on each bench and comparisons were made to find out their advantages and disadvantages. The rotor performance is calculated by an analytical approach and results are compared with those of experiments. Finally, hovering performance of the rotor and work efficiency of the motor were analyzed.
EXPERIMENTAL APPROACH
A series of five test benches have been designed and fabricated. Each test bench consists of five parts: an energy supply system, thrust and torque measurement system, speed measurement system, electric parameter measurement system and control and data acquisition system. The energy supply system is a regulated DC power supply, which can adjust the voltage and stabilize it at a certain value to ensure a constant input. Their respective benefits can be assessed in terms of robustness to vibration effects, sensitivity, and ability to independently measure torque and thrust of ultra low intensity.
Test bench 1
At the first stage, test bench 1 was designed as shown in Fig. 1 . The thrust and torque measurement system includes a mechanism to separate the thrust and torque load cells from each other. It should be pointed out that the main difficulty is to simultaneously measure thrust and torque on the same test bench while minimizing spurious interaction effects. Two beam load cells MEIRI F1200 1 , sized at a capacity of 0.5 N from calculated estimates, were used to measure thrust and torque. The small mass of the motor and rotor allowed the load cells to be used as supporting beams, as shown in Fig.1 . However, the main obstacle of the design was the separation of thrust and torque to allow them to be measured independently. A mechanism, shown in Fig. 1a , was developed to transform the movement of rotation induced by torque to a linear movement orthogonal to the direction of thrust; this mechanism was also desirable as it amplified the torque measured. As shown in Fig. 1b , the cube rotated with the adjoined pieces when the rotor applied a torque, pushing the bearing connected with the load cell and generating a force F2. At the same time, the bearing applied force F1 on the cube, opposite to F2; L1 was the lever arm of F1 and L2 the lever arm of F2. If the torque generated by the rotor was M1 and torque imposed on the load cell was M2, then the equation is given as follows,
Zhen Hereby, the rotor torque was transferred to the load cell with an amplification of L2/L1. The speed measurement system was made up of a laser emitter and a detector by which the rotational speed could be measured and then transferred to NI USB-6229 BNC, which is a USB analog-to-digital data acquisition (DAQ) from National Instruments. The electric parameter measurement system consists of an ammeter and voltmeter to measure the current and voltage passing through the controller. The control and data acquisition system includes the controller, DAQ instrument, computer and processing software. The controller was YGE4-BL 2 from Wes-Technik for brushless motors. During tests, the DAQ worked in both directions: a command generated by Measurement and Automation Explorer (MAX) and Labview was transmitted to the speed controller via this device, and the measurements acquired during the experiment (voltage, current, thrust, torque and rotational speed) were relayed back to the MAX and Labview as well.
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International Journal of Micro Air Vehicles During the experiment, the beam load cell deformed when a force acted on it, which was converted to an altering voltage and recorded by the DAQ. In general, load cells are adjusted at two points by adding the known mass or torque to obtain the linear relationship between the deformation and voltage at the beginning of experiments. Load cells are treated as behaving linearly with the force imposed on them. In fact, the small magnitude of torque and thrust meant the nonlinearity of the load cell and deformation or other unknown factors could affect measurements. Therefore, detailed test bench calibrations were carried out before experiments to improve the precision of results. Since the thrust and torque are fairly small, the units of gram and g·mm were used. Calibrations of thrust and torque are shown in Fig. 3 . In the figure, the thrust applied and torque applied are the known mass or torque added on the test bench, while thrust measured and torque measured are quantities measured by the test bench. Two one-order polynomial functions (straight lines) were fitted respectively so that a relationship between the measured value and real value could be established. However, fitted functions introduce errors into the results. If the relative fit error is defined as the ratio of the difference between the real value added on test bench and the fitted value obtained from the function to the real value, then the relative fit error for thrust is below 3% when the thrust is greater than 2 g, and for torque it is below 7% when the torque is above 15 g · mm. In general, the working range of the thrust and torque is beyond 2 g and 15 g · mm respectively for NAVs. Therefore, fitted functions are appropriate to give a reasonable precision for results.
Test bench 1 has been designed in order to place torque and thrust load cells as close as possible to the motor, using bearings in order to reduce unwanted coupling between both components.
Test Bench 2 -Micro Bench
As shown in Fig. 1 , the test bench 1 is mainly composed of two load cells, which confine its beam length and height of rotor axis; as a result, the mechanism and the ground disturb the flow downstream of and around the rotor. Therefore, a new test bench was desirable. After analyzing the defects of test bench 1, a micro bench, originally used for bigger motors and propellers in wind tunnel tests, was utilised in the experiment as shown in Fig. 3 .
Compared with test bench 1, the micro bench's rotor precedes the supporting frame, thereby reducing the influence of the ground and the measurement mechanism, which are down stream. The micro bench systems are also similar to those of test bench 1, except that the instrument to measure the rotational velocity and the mechanism to separate the thrust and torque have been changed, as shown in Fig. 3 . With the same principle as test bench 1, the central axis of the horizontal supporting beam rotated with the torque, and then the load cell fixed on the axis pressed a bearing hidden in the vertical beam and measure the torque. The measurement of thrust can be acquired thanks to a one degree-offreedom parallelogram mechanism that prevents any moment to be included in the measurement. That mechanism is located at the top of the plane, whereas lateral movement is fixed in this experiment. For the micro bench, the thrust was amplified because of the mechanism, but the torque were not. So in this experiment, the load cell F1200 with a capacity of 2N has been changed to measure the thrust. And because the micro bench is firstly designed as a whole system, the electric system was kept different from test bench 1.
As mentioned above, calibrations are necessary before carrying out the experiments. So the micro bench was calibrated at first as shown in Fig. 4 . The results of calibration were fitted by two straight lines, and relative fit errors of both thrust and torque are smaller than that of test bench 1 according to the figures. Relative fit errors of thrust are below 2% when the thrust is greater than 1g, while relative fit errors of torque are below 5% when the torque is greater than 40 g · mm.
Although the axial component measurement based on the parallelogram mechanism is adequate to around 2N range, it proved to be less appropriate to nanorotor thrust order of magnitude, which is around 0.2N.
Test bench 3 -Nano Bench version 1
Since the micro bench was firstly designed for motors and propellers that have higher thrust and torque than those of NAVs, it failed to measure the torque with acceptable precision. It is assumed that the friction in the micro bench mechanism brought about the increased measurement error. So a new test bench was developed to maintain the micro bench's merit but overcome the friction in the mechanism. Based on this requirement, nano bench version 1 consisted of the same systems as test bench 1, except a highly sensitive mechanism. To implement the separate measurement of coupled thrust and torque, two sharp wedges were placed orthogonally in grooves located on different surfaces, allowing the International Journal of Micro Air Vehicles mechanism to respond simultaneously and rapidly to the small changes of the measurement variables. As shown in Fig. 5 , the upper or lower wedge with the corresponding groove can only rotate in one direction so that it can only transfer the thrust or torque to the corresponding sensor. Because these two wedges are orthogonal, the thrust and the torque will not influence each other in theory. With this mechanism, an amplification of about 6 times could be generated for thrust, while no amplification was achieved for torque. Two thin soft metal lines are used to connect the mechanism and load cells to avoid the generation of friction by the contact between the load cell and mechanism. In addition, the load cell for measuring the thrust was changed to a beam load cell MEIRI F1200 with a capacity of 2N. Due to the nonlinearity of the load cell and the movement of the mechanism, two 2-order polynomial functions were fitted for calibration results. The calibration results of thrust and torque and corresponding fitted lines are shown in Fig. 6 . Relative fit errors of thrust are below 0.5% when the thrust is above 1g, while relative fitted errors of torque are below 3% when the toque is above 30 g·mm according to analysis. Compared with the other two test benches, nano bench version 1 has higher calibration precision.
Test bench 4 -Nano Bench version 2
Despite the fact that Nano bench version 1 shows a high sensitivity and a rapid response to the thrust and torque, some problems have emerged. Very thin and soft wires were utilized along the vertical carbon tube outside of the test bench in order to not generate a force limiting the rotation of the mechanism. However, thin wires augment the inner resistance of the electrical system. Therefore, wires with a larger cross section were passed through the center of the carbon tube between the electrical source and speed controller for nano bench version 2 as shown in Fig. 7 . Thus, the inner resistance could be reduced with little influence on the torque measurement. In this bench, the elasticity of the load cells and metal wires allows the horizontal beam to transfer the applied forces and therefore deflect to give a reading. Two directions of deflection are induced -thrust and torque -of which the deflection in the thrust direction is larger due to amplification on the bench and that in the direction of the torque is fairly small by virtue of the small magnitude of torque. Although the deflection induced by thrust could be eliminated by the calibration and the deflection induced by torque is small, the experiment must ensure the attitude of the horizontal beam was constant. Therefore, the length of the vertical beam was shortened to reduce the amplification of the thrust and two micrometer screws were introduced to adjust the attitude of the mechanism during experiments, as shown in Fig. 7 .
Since nano bench version 1 relies on a fairly sensitive mechanism established on the orthogonality of two wedges to separate the coupled thrust and torque, the fabrication of the test bench requires high precision to prevent the interaction of the two variables. The fabrication error of the two wedges as well as potential deviation between the direction of thrust and the axis of the horizontal beam had an effect on the measurement, especially on the torque. So a calibration allowing for the interaction of the thrust and torque was performed before the experiments. Figure 8a shows that relative fit errors of thrust are below 0.5% when the thrust is above 1 g. However, it is observed that the thrust has a strong influence over the torque as shown in Fig. 9a . For instance, a thrust of about 23 g produced an extra torque of about −50 g · mm. For the torque calibration, on the other hand, relative fit errors are below 8% when the torque is greater than 50 g · mm and the influence of torque to thrust is less than −0.1 g, which represents less than 1%, even when the torque exceeds 300 g·mm as illustrated in Fig. 8b and Fig. 9b . Consequently, the interaction between thrust and torque cannot be neglected, especially for the influence of thrust to torque. For this reason, the experimental results took this interaction into account before performing calculations.
Test bench 5 -Torque Sensor Bench
In the test bench experiments mentioned above, the torque remains a difficulty for measurement. A possible explanation is that the friction of mechanism influences the torque greatly. In order to establish the pure torque of the rotor, a static torque sensor DH15 3 by the SCAIME company with a capacity of 0.005N·m and an accuracy class of 0.2% was used to measure the torque. In addition, the load cell for measuring the thrust was a beam load cell MEIRI F1200 with a capacity of 0.5N. As shown in Fig. 10 , the torque sensor has a length of 48 mm and a diameter of 45 mm, so an extended supporting beam was installed to avoid the effect of the torque sensor to the rotor downstream. Additionally, a long carbon tube was installed vertically from one end of the beam load cell to support the motor and rotor. Thick wires were adopted to connect the electronic devices on the test bench, as the deformations of the beam load cell and the movement of the torque sensor are small enough.
The calibration was carried out before the experiments as shown in Fig. 11 . Since the beam load cell is directly connected to the motor, with no mechanical linkage between, the relative fit errors of beam load cell are very small; they are below 0.5% when the force applied is above 1.5 g. The relative fit errors of the torque sensor are below 2% when the torque applied is above 10 g · mm and below 0.5% when the torque applied is above 30 g · mm.
Discussion
Test bench 1 is the first bench developed with the advantages of simplicity and amplification of torque. Because of the short support beams, the flow downstream of the rotor is obviously disturbed by the measuring mechanism and the ground. The micro bench was equipped with long support beams. However, it is a test bench originally designed for wind tunnel tests of motors and propellers with higher thrust and torque than those of NAVs. This measuring mechanism is therefore not sensitive to small variations of measurement values, especially for torque. Consequently, a new test bench called nano bench version 1 was developed with a highly sensitive mechanism and long support beams specially for nano rotors. Nano bench version 1 maintains the micro bench's merit but overcomes the friction in the mechanism. However, it is found that high inner resistance is introduced due to very thin wires and the attitude of the balance is difficult to maintain. Therefore, modifications were performed by passing thick wires through the vertical carbon tube and installing two micrometer screws. Thus, nano test bench version 2 was developed which also took into account the interaction between thrust and torque during the calibration. Nevertheless, the torque measurement is still a challenge for those test benches. A test bench composed of a torque sensor and a load beam cell is then designed in order to eliminate the friction of the measurement mechanism. Despite the fact that the torque sensor bench has little influence on the measurement mechanism, the ability of this static torque sensor to respond rapidly to the small changes of the measurement variables is still an open debate.
TEST PROCEDURE AND COMPUTATIONAL METHOD 3.1. Rotor and Motor Description
The brushless out-runner motor MICRO and carbon rotor MCF3225 4 from the company MicroInvent were tested in the experiment as shown in Fig. 12 . The mass of the MICRO motor is about 2.40 g and the maximum thrust is declared to be 24 g. MCF3225 is a 81 mm × 63 mm propeller weighing only 0.2 g.
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Data processing
The test benches were calibrated in the first step of experiments as presented above. After the calibration, adjustments were implemented to balance the blade before experiments since most rotors may not have a symmetric mass for both blades due to fabrication errors. Then the motor and rotor were installed on the test bench for measurement and the preparation of experiments was ready. Since the test benches above were developed successively, gradual improvements have been made by introducing numerous modifications to the mechanisms and electrical systems. This also brought about distinctions between the results tested by different benches. Comparisons were carried out with the experimental results of the Micro motor and MCF3225 rotor at a voltage of 3.6 V for test bench 1, the micro bench, nano bench version 1, and torque sensor bench and a voltage of 3.8 V for the nano bench version 2. At a certain voltage, the rotational velocity could be adjusted by the controller with signals from the data acquisition software. All the parameters were recorded by the DAQ and processed by MAX and labview. To increase the precision of results, measurements were repeated ten times. In this experiment, two principal sources of uncertainty are contained. One is the bias errors inherent in the measurement devices with regard to offset and drift, and the other is the precision error. The details to calculate the precision error are listed in the following part. For example, thrust measured was recorded as T m = {T 1 , T 2 ,…,T 10 } for a certain input PWM. If the mean and the standard deviation of T are expressed as T _ m = E(T m ) and respectively, the thrust with confidence can be presented as (2) For variables deduced by applying a linear function to directly-measured independent variables, the mean value and standard deviation can be derived from measured values. For example, the thrust coefficient is the function of thrust and rotational speed. Then the mean and the standard deviation of thrust coefficient can be calculated from the following equations (It should be noted that the errors of density and radius didn't state in the equations because they are fairly small.)
Consequently, the thrust coefficient with confidence is (5) All of the results have a confidence of 95% in the experiments.
Computational Method
The thrust and torque of the MCF3225 propeller, originally designed for indoor horizontal flight, were estimated as a reference to compare with experimental results. Since the propeller was fabricated for commercial purposes, the distribution of chord, the pitch angle and the airfoil forms are unknown. In addition, the propeller blade is made of a very thin carbon layer, making conventional measurement techniques impossible. The chord and twist distributions were determined by PropellerScanner [23] with images of the front and side view of the rotor. As the rotor blades are relatively thin, the airfoil could be treated as a curve with thickness and the airfoil form obtained by imprinting a special material with the blade cross-section. With the geometric parameters of the airfoil thus determined, the aerodynamic performance could be calculated. The Reynolds number at which the rotor functions is usually lower than 20,000 for this test, therefore laminar flow dominates in the boundary layer where transition may be induced. Most computational fluid dynamics software packages have no ability to simulate transitional flow, whereas XFOIL [24] has been found to be capable of capturing the LSB at a low Re. Therefore, this 2-D airfoil analysis package was used to compute the airfoil's aerodynamic performance data, calculated at several ultra-low Reynolds numbers, which would be achieved by altering the rotor's rotational speed. XROTOR [25] , a package for analyzing and optimizing a full-scale 3-D propellers, was subsequently used with the rotor's geometric information, the airfoil's aerodynamic parameters, and a very small forward flight speed to compute the rotor's performance characteristics. The potential solution of Goldstein is utilized in the calculation, which is able to take tip boundary conditions and a finite hub into account. The rotational speed was increased from 1,000 RPM to 9,000 RPM. Figure 13 presents the thrust coefficients at different Reynolds number for all test benches. The thrust coefficients determined by test bench 1 were not regular, however; they match well with the results on nano bench version 1 at Reynolds number from 6,000 to 12,000, whereas they approach the results on the micro bench at Reynolds number from 14,000 to 18,000. The results on the micro bench coincide
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with those on the torque sensor bench at high-Re regime. Nevertheless, the results for the four test benches vary slightly from each other. However, the nano test bench version 2 tested a higher thrust coefficient than the other test benches, and differences of about 15% could be found between this and version 1. Numerical calculations predict a lower thrust coefficient at Reynolds number lower than 8,000 and match well with the torque sensor bench. However, they match well with nano bench version 2 at Reynolds numbers above 12,000. In general, the thrust coefficients lie between 0.03 and 0.04 which wasn't influenced much by Re according to experimental data. Also note that the discriminations among the results tested by all test benches are less than 25% if the average value of thrust coefficient is used as a reference. Torque measurement is a difficulty for small rotors, especially when the nano rotor rotates at such low speeds. Deters [12] overcame this issue by measuring rotors at very high speeds. Even with great attention to the sensitivity of test benches, the five test benches measured the power coefficients with enormous distinctions. In Fig. 14, the test results of power coefficients were presented at different Reynolds number. The power coefficients tested by the torque sensor bench are between the results tested by the nano bench and test bench 1. However, the results approach those of nano bench version 1, especially when the Reynolds number exceeds 14,000. Nano bench version 2 measured the highest power coefficients as well, and its results approximate those of nano test bench version 1 at high Re.
The micro bench tested the lowest values, but its results match well with computational results from XROTOR. Generally, a slight increase of power coefficient can be found for all results with the increase of Reynolds number except nano bench version 2.
Although every test bench has been well calibrated, it can be found from the experimental results above that the thrust coefficient varies from different test benches about 25%, while the power coefficient varies by a factor of about two. And torque sensor bench has the smallest errors. Since the calibrations of test benches were performed in a static condition, test bench can response to the variations of loads rapidly. However, the loads generated by the rotor were dynamic ones which were difficult to be detected by some test benches. Figure 15 shows that the figure of merit varies from thrust coefficient. Generally, FMs are mainly between 0.3 and 0.5. Test bench 1 and the micro bench measured higher FMs located between 0.4 and 0.5, while those measured by the nano bench version 1 and torque sensor bench are nearly identicalclose to 0.30. Nano bench version 2 obtained middle values among the test benches. Computational results shows the highest FMs. Figure 16 shows the motor efficiency varies with current. Although differences exist between the results tested by the three test benches, the motor efficiency rises sharply with the increase of current for all and then begins to descend at a certain current. The peak value measured by the torque sensor bench is about 0.63. The results on test bench 1 and nano bench version 1 match well with each other, and those on nano bench version 2 approach the results measured by the torque sensor bench at low current. Although, when compared with the other test benches, test bench 1 measured values between those found on other benches, short support beams and friction in the mechanism impacted the measurement precision by allowing vibration in the system at low rotational speeds. The micro test bench tested the lowest values among the test benches by virtue of its complicated mechanism, which caused more friction than other systems and reduced the measuring sensitivity. Despite the fact that nano bench version 1 uses the same mechanism as version 2, the calibration methods and the measurement methods differed greatly between experiments. Whereas nano test bench version 1 did not allow for this possibility, the deformation of the load cell and metal lines in version 2 caused interaction between the thrust and torque. Even taking this into account, uncertainties such as propeller asymmetry and deviation of the motor from the centerline upon installation could have a large influence on the torque measurement for these two versions due to the long lever arm of the main horizontal beam. It should be pointed out that uneven measurements appear for nano bench version 2 which indicate that, although it looks like the most sensitive test bench, sensitivity promotes bias effects. The logic behind the torque sensor bench is to measure the static torque precisely by eliminating the influence of a measuring mechanism; this was difficult to achieve because the torque is a dynamic variable due to asymmetry of the rotor and motor. Furthermore, the ability for this torque sensor to measure the dynamic variable has not been verified. During the experiments, the torque sensor bench measured the highest FM. One possible explanation is that the torque sensor tested a relatively high torque but adopted thick wires whose inner resistance are lower than those used by the other bench. Calculation has underestimated the thrust coefficient at low rotational speeds but overestimated it at high rotational speeds. Because of the small thickness of rotor blades, conventional methods fail to measure the form of the blade precisely. Therefore, an approximate method was adopted in this study, which might result in deviations of the blade's geometric form. On the other hand, XFOIL has been found to predict laminar separation in advance at ultra low Reynolds numbers [7] , and the prediction of profile drag is always a key difficulty for computational software -particularly when the profile drag dominates, as is the case at ultra-low Reynolds numbers. Consequently, the computational error accumulated, causing differences between the experimental and computational results.
In addition, full-scaled helicopters reach figure of merit values of about 0.7 to 0.8 [26] , though this value declines sharply with decreasing Re number; the experimental results found here indicated the figure of merit of the micro rotor is between 0.3 and 0.5. Even so, the counter-rotating MAV rotors from the University of Maryland achieved a FM of about 0.55 [1] , while the diameter of the rotors was two times that of the MCF3225. Since the nano rotors induce a strong rotational flow field, causing the possibility of separation at the boundary layer, the aerodynamic performance of blades degrades greatly.
Finally, the five test benches were used to measure the motor efficiency, which includes both motor and speed controller efficiencies as a whole. The difficulty encountered in the torque measurement is still present when evaluating the motor efficiency. For all five test benches, the motor efficiency increases sharply with motor current as shown in Fig. 16 ; in the experiments, the maximum motor efficiency as measured by the torque sensor is about 0.63, which is smaller than those of conventional motors. One reason is that the small motors are fabricated with thin wires, which increase the inner resistance accordingly, resulting in higher power consumption.
CONCLUSION
The hovering performance is an important factor to evaluate rotary-wing NAVs. This study contributes to this goal by designing a test bench capable of measuring the thrust and torque of nano-rotors simultaneously and responding to the change of variables rapidly with sufficient accuracy at low Re.
Six test benches -most of which are based on sensitive mechanisms -were designed successively. Sensitive mechanisms were developed so that the torque and thrust were able to be tested simultaneously and quickly. Gradual improvements were introduced to improve the accuracy of the bench during development. The test benches are equipped with a complete electronic system to measure hovering performance. In order to compare the performance of the test benches, experiments were carried out with the MICRO motor and MCF3225 rotor. Results show that the test benches could measure the thrust with a difference of less than 25%. However, great differences were observed for the power coefficients tested by each bench. The thrust coefficient is found to lie between 0.03 and 0.04, whereas the power coefficients measured is from 0.006 to 0.0132. According to the experimental results, the FMs of MCF3225 are between 0.3 and 0.5 and the maximum motor efficiency is between 0.37 and 0.63. Although great discriminations are detected among the FMs as well as motor efficiency, the experimental results demonstrate the reduction of FM and the drop of motor efficiency with a reduction in size. The rotor was also calculated with XFOIL and XROTOR at different rotational speeds, but the computational results vary greatly from the experimental results, especially for the torque measurements.
In conclusion, the current test benches can measure the thrust to reasonable precision. The resolution to measure the torque is still undetermined for all test benches. Calculations are not able to predict the hovering performance of a rotor precisely, but can provide a tendency. Furthermore, the experimental results of FM and motor efficiency show that the performance of micro rotors and motors declines with the reduction of size.
In light of this information, further modifications will be implemented in order to increase the measurement stability of nano bench version 2. Accurate calibration will be carried out, and comparisons made between the experimental and theoretical results to verify the performance of the various test benches. Furthermore, the method to acquire geometric rotor profiles will be improved, and suitable computational methods should be developed in future work.
